and amifostine on the biomechanical properties of bone in Wistar albino rats of both genders. The rats were randomly divided into four groups of eight: a control group (C); a group given a single dose of 40 Gy of g-irradiation (R); a group given g-irradiation plus 200 mg/kg amifostine (R + amifostine); and a group given g-irradiation plus 1000 mg/kg NAC (R + NAC). Extrinsic and intrinsic properties of bone, bone mineral density (BMD) and the cross-sectional area of the femoral shaft were determined. The crosssectional area was significantly higher in the R + NAC and R + amifostine groups compared with the R and C groups. The BMD, maximum load and stiffness were also significantly higher in the R + NAC and R + amifostine groups than in the R group, and energy absorption capacity was higher in the R + NAC group than in the R group. These findings indicate that NAC and amifostine preserve bone quality in rats exposed to g-irradiation.
Introduction
Therapeutic irradiation leads to osteopaenia and osteoporosis and, as a result, bone atrophy and increased risk of fracture are common consequences of radiotherapy. 1 -3 Postirradiation atrophic bone changes are the result of damage to bone-forming osteoblasts and the bone vasculature, 1, 2, 4 with osteoblast damage and the related decrease in matrix production being the primary histopathology. 1 The radiationinduced inhibition of osteoblasts and osteoblast progenitors has been reported. 5 -7 The generation of reactive oxygen species (ROS) via the action of radiation on intracellular water molecules is believed to be responsible for the majority of radiationinduced cell damage. 8, 9 Damage to normal cells may be reduced by antioxidants, allowing the use of higher doses of radiation and more effective tumour control. 10 The antioxidant amifostine (WR-2721) is a radioprotective agent that has been widely used in routine clinical practice. 11, 12 The multifunctional intracellular non-enzymatic antioxidant, reduced glutathione (GSH), is the major cellular thiol-disulphide redox buffer. 13, 14 N-Acetylcysteine (NAC), a known C Demirel, S Kilciksiz, S Gurgul et al. NAC ameliorates deterioration of bone quality mucolytic agent, has been shown to protect cells against oxidative stress and radiationinduced DNA damage. 15 -18 These protective effects are believed to be due to the ability of NAC to increase GSH levels and neutralize ROS. 15, 16 Several models and techniques for assessing the biomechanical properties of bone have been reported. Bone tension and compression are the most commonly performed assessments of intrinsic bone matrix biomechanical properties, and the tension test is used to evaluate cortical bone. 19 In clinical practice, quantitative evaluation of bone tissue relies on the measurement of bone mineral density (BMD), which is closely associated with the risk of osteoporotic fracture. 20 The present study determined the radioprotective effects of NAC and amifostine on γ-irradiation-induced biomechanical damage to the rat femur.
Materials and methods

ANIMALS
Wistar albino rats of both genders, aged 3 months and weighing between 150 and 190 g, were obtained from the Experimental Medicine Research Unit, Gaziantep University Faculty of Medicine, Gazientep, Turkey. They were housed in polycarbonate cages (eight per cage), with a 12-h light/dark cycle, in an air-conditioned room at 22 ± 2°C with relative humidity of 50% -70%, and fed a standard diet and water ad libitum. All procedures in this study were performed in accordance with the guidelines of the National Research Council of The National Academies for the care and use of laboratory animals, 21 
STUDY DESIGN AND TREATMENTS
After a stabilization period of 1 week, the rats were divided equally into four groups of eight: (i) a control group (C); (ii) a group given γ-irradiation (R); (iii) a group given γirradiation plus amifostine (R + amifostine); and (iv) a group given γ-irradiation plus NAC (R + NAC). Rats in the R + NAC group received 1000 mg/kg NAC intraperitoneally (i.p.) (Asist ampule; Hüsnü Arsan Ilac, Istanbul, Turkey) and rats in the R + amifostine group received 200 mg/kg amifostine i.p. (Ethyol flacon; Er-Kim Ilaç, Istanbul, Turkey) in a 2.2 ml volume of saline. 22 Animals in the C and R groups received 2.2 ml saline i.p. to blind the investigator carrying out the study to the treatment group. All injections were performed 15 min before γ-irradiation.
The R, R + NAC and R + amifostine groups received a single dose of 40 Gy of γ-radiation to the left hind leg after being anaesthetized with 50 mg/kg ketamine administered intramuscularly (i.m.) (Ketalar 50 mg/kg; Eczacibasi, Istanbul, Turkey). Animals in the C group were subjected to anaesthetic and a dummy irradiation procedure to maintain blinding. Irradiation was performed using a 60 Co teletherapy unit (Shandong Xinhua SCC-8000F, Shandong, China), with a dose rate of 1.80 Gy/min at a distance of 80 cm. Rats were placed on a plexiglas tray in the supine position and irradiated using two opposite (anterior and posterior) fields. Bolus materials were not used since the 60 Co radiation was delivered from two opposite fields. 23, 24 The dose to each left hind leg was calculated at a depth of 1 cm and the radiation field was shielded with lead blocks to limit exposure to other parts of the body. The single dose of 40 Gy was chosen on the basis of previously published reports involving irradiation of the hind limb with a single high dose of 30 -50 Gy. 2, 3, 6, 25, 26 C Demirel, S Kilciksiz, S Gurgul et al.
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The experiment was terminated 45 days after irradiation by sacrifice under 50 mg/kg ketamine i.m. anaesthesia and the left femur of each animal was removed. The right leg was not used as an internal control due to the possibility of scattering effects during irradiation of the left femur. The length and span length of each femur was measured with digital callipers, and the cross-sectional area of the femoral shaft was measured using computed tomography (CT) (Toshiba Aquilion 64 Slice CT; Toshiba American Medical Systems, Tustin, CA, USA) with a slice thickness of 0.5 mm. Images were analysed using Vitrea ® software (Vitrea 2, version 2.0; Vital Images, Minnetonka, MN, USA) and evaluated via the point counting method (sensitivity of 1.5 mm). Femurs were stored at -20°C until mechanical testing.
BMD MEASUREMENT
The BMD (g/cm 2 ) was measured at the middiaphysis of the femur using dual-energy Xray absorptiometry (DXA) (Norland XR-45, Norland Scientific Instruments, Fort Atkinson, WI, USA). Data were analysed with Illuminatus-based DXA software, version 4.2.0 (Visual MED, Charlotte, NC, USA), using the small subject protocol (resolution 1 × 1 mm; anode voltage 100 kV; current 1.3 mA).
BIOMECHANICAL TESTING
Biomechanical measurements were performed at the mid-diaphysis of the left femur. The tensile test was performed to measure ultimate tensile strength (maximum load), displacement, stiffness, energy absorption capacity, ultimate stress, ultimate strain, elastic modulus and toughness. After thawing at room temperature, samples underwent biomaterial testing by machine (MAY BTS03;
Comat, Ankara, Turkey). Femurs were mounted horizontally using Colacryl ® (Imicryl, Konya, Turkey). The mean ± SD distance between femur ends when mounted in the testing equipment (span length) was 2.0 ± 0.21 mm and a tensile loading speed of 1 mm/s and sampling rate of 1000 samples/s were used in all tests. Numerical data were translated for off-line analysis using a 16 bit A/D converter (Biopac MP100 data acquisition system; Biopac Systems, Santa Barbara, CA, USA). Ringer's solution (154 mM NaCl, 5.63 mM KCl, 1.63 mM CaCl 2 , 2.63 mM MgCl 2 , 5.95 mM NaHCO 3 , pH 7.4 with HCl) was regularly applied to the specimens to prevent drying during mounting and testing. Failure was determined at the same location in every tested specimen. Load displacement data were recorded using the DA100C module in the Biopac MP100 data acquisition system and analysed using AcqKnowledge software, version 3.5.7 (Biopac Systems). Maximum load (N), displacement (mm), stiffness (N/mm) and energy absorption capacity (mJ) were determined. Load displacement recordings were normalized by crosssectional area (mm 2 ) and converted into a stress-strain curve. Stress-strain curves were generated for each specimen and ultimate stress (MPa), ultimate strain (mm/mm), elastic modulus (GPa) and toughness (MPa) were determined. All biomechanical parameters were established using previously described protocols. 27 -29 
STATISTICAL ANALYSES
Statistical analyses were performed using the SPSS ® statistical package, version 11.5.1 (SPSS Inc., Chicago, IL, USA), or Statistica software, version 6.1 (StatSoft Inc., Tulsa, OK, USA) for Windows ® . Data are expressed as mean ± SD. The Shapiro-Wilk test was used to confirm normal distribution and data C Demirel, S Kilciksiz, S Gurgul et al.
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were analysed by one-way analysis of variance followed by the Tukey multiple comparison test. A value of P < 0.05 was considered to be statistically significant.
Results
GEOMETRIC PROPERTIES AND BMD OF THE DIAPHYSEAL FEMUR
Geometric properties and BMD of the diaphyseal femur are given in Table 1 . There were no statistically significant betweengroup differences in femur length. There was a significant reduction in BMD in all γradiation-treated animals (R, R + NAC and R + amifostine) compared with the C group (P < 0.001). Among the γ-radiation-treated animals, BMD was significantly higher in the R + NAC and R + amifostine groups compared with the R group (P < 0.001). The cross-sectional area of the femoral shaft was significantly reduced in the R group (P < 0.05) and significantly increased in the R + NAC and R + amifostine groups (P < 0.001) compared with the C group, and was significantly greater in the R + NAC and R + amifostine groups than in the R group (P < 0.001). There were no other statistically significant between-group differences in BMD or the geometric properties of the femur.
MECHANICAL PROPERTIES OF THE DIAPHYSEAL FEMUR
The mechanical parameters of the diaphyseal femur are given in Table 2 . There were no statistically significant betweengroup differences in displacement, ultimate strain and elastic modulus endpoints. Maximum load and energy absorption capacity were significantly reduced in the R group compared with the C group (P < 0.01). There was no difference in maximum load between the R + NAC or R + amifostine groups and the C group, but maximum load was significantly higher in the R + NAC (P < 0.01) and R + amifostine (P < 0.05) groups compared with the R group. Energy absorption capacity was significantly higher in the R + NAC group than in the R group (P < 0.05). There was no change in femur stiffness in the R group compared with the C group, but mean stiffness was significantly higher in the R + NAC and R + amifostine groups compared with the R group (P < 0.05). Ultimate stress was significantly reduced in the R + amifostine group and mean toughness was lower in all irradiated groups (R, R + NAC and R + amifostine) compared with the C group (P < 0.05). There were no other statistically significant between-group 
TABLE 1: Geometric properties and bone mineral density (BMD) of the diaphyseal femur of rats in the control group (C) and the groups treated with radiation (R), radiation plus Nacetylcysteine (R + NAC), or radiation plus amifostine (R + amifostine) (n = 8 rats/group)
Bone parameter C R R + NAC R + amifostine
Discussion
Maximum load is an extensively used parameter in bone biomechanical evaluation and indicates the maximum tensile force required to induce fracture. Displacement, stiffness and energy absorption capacity are extrinsic properties that are strongly correlated with the mineral component of bone 27 -29 and are important measures of bone biomechanics. The decrease in maximum load and energy absorption capacity with concomitant decrease in cortical bone stiffness observed in R rats in the present study demonstrates the negative effect of irradiation on bone strength and its possible effect on bone mineralization.
Data regarding the effects of ionizing radiation on bone biomechanics are limited and conflicting. Maeda et al. 30 reported no significant rat femur mechanical weakness after a single dose of 35 Gy, in contrast to Nyaruba et al. 25 who demonstrated a 16% or 19% decrease in maximum load in rat tibiae after a single dose of 40 or 60 Gy of γradiation, respectively. The present finding that ionizing radiation induced a decrease in bone strength is in agreement with previous studies. 22, 25, 30 In addition, the decrease in BMD observed in rats treated with radiation alone is in line with previous reports of ionizing radiation-dependent BMD reduction at doses of ≥ 20 Gy 31 and ≥ 5 Gy. 32 It is likely that ionizing radiation has a negative effect on bone mineralization.
Ultimate stress, ultimate strain, elastic modulus (Young's modulus) and toughness are important parameters for the biomechanical evaluation of bone strength, known to be indicative of intrinsic or material properties, and strongly associated with the collagen component of bone. 27 -29,33 In biomechanical evaluation, combinational changes between ultimate stress, ultimate strain, elastic modulus and toughness 
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indicate various problems, including increased or decreased bone mineralization and/or collagen degradation. 28 In the present study, bone toughness was significantly reduced in animals treated with γ-radiation alone compared with controls, but there was no decrease in ultimate stress, ultimate strain or elastic modulus.
The radiation-induced reductions in overall intrinsic biomechanical parameters in the present study imply that ionizing radiation decreases bone strength via a reduction in BMD. The radiation-induced decrease in toughness suggests that ionizing radiation may reduce bone strength via damage to collagen integrity. 27, 28 These findings are in agreement with those of a previous study by Currey et al. 34 where radiation-induced reduction in bone strength was mediated via denaturation of the protein matrix, mainly collagen. They also found that ionizing radiation had fewer effects on bone mineralization than on the bone protein matrix. 34 The BMD and material and structural data in the present study indicate that ionizing radiation affects both bone mineralization and collagen integrity.
The biomechanical parameters of bone are associated both with its material (matrix calcification, composition and spatial arrangement of crystals, collagen fibres and lamellae) and geometric characteristics (trabecular network, macrostructure of the cortex and cortical shell). 27 The crosssectional area of the femur is an important parameter in the evaluation of cortical bone quality and strength, 27,35 -37 and its significant reduction in the R group compared with the control group was compatible with the overall changes in bone biomechanics, and supports the notion that ionizing radiation can decrease bone strength.
In contrast to rats treated with radiation alone (R group), animals in the R + NAC and R + amifostine groups were similar to controls in terms of maximum load and energy absorption capacity and demonstrates significantly higher cortical bone stiffness than in the R group of rats. This suggests that NAC and amifostine suppress ionizing radiation-induced bone loss and subsequent reduction in bone strength, possibly via radioprotective effects on bone mineralization. Previous investigation of the effects of X-ray irradiation on rat bone revealed the BMD in amifostine-treated animals to be similar to controls. 12 Reports have indicated that NAC protects against X-ray-induced damage in mice, 14,16 -18,38 -40 prevents bone loss in animal models of oestrogen deficiency, possibly via reduction of ROS, 41 -43 and inhibits osteoclasto genesis. 44 The marked increase in BMD in irradiated rats treated with NAC or amifostine compared to the R group in the present study demonstrates that NAC and amifostine can prevent ionizing radiation-induced bone loss.
The significant decrease in bone toughness in the R + NAC and R + amifostine groups and the reduction in ultimate stress in the R + amifostine group compared with the control group demonstrate a lack of radioprotective effect by NAC and amifostine on the intrinsic properties of bone and, therefore, matrix protein. The finding that NAC and amifostine suppressed the radiation-induced decrease in cortical crosssectional area was consistent with previous reports demonstrating a stimulatory effect of NAC on bone formation and inhibition of osteoclastic bone resorption. 45 Amifostine has been shown to have a direct effect on osteoclastic bone resorption 11, 46 Taken together, these findings suggest that changes in cross-sectional area may be mediated by the effect of NAC and amifostine on bone remodelling.
Several studies have examined the mechanical characteristics of irradiated bone. 6, 30, 47 Akkus et al. 48 suggested that scavenging of radiation-generated waterbased free radicals ameliorated radiationinduced biochemical damage to bone collagen and reduced biomechanical impairment. Amifostine and sodium selenite have been found to protect chondrocytes and osteoblasts, but not tumour cells, from the negative effects of irradiation. 49 Based on the present study, besides its known radioprotective effects, amifostine also appears to be effective in improving bone strength.
In conclusion, the present study indicates a role for NAC and amifostine in the prevention of radiation-induced bone loss and degeneration. This effect appears not to be mediated via integrity of the protein matrix, particularly collagen. These findings have important implications regarding bone irradiation and the potential radioprotective effects of NAC and amifostine.
